(Submitted for publication October 4, 1954 ; accepted April 24, 1956) There are at least two problems in estimating the volume of a body fluid compartment. First, a substance must be found which is distributed in the volume to be measured, and second, a method must be made available which will measure the distribution of the substance. In the literature, substance and method are rarely, if ever, separated. Kruhoffer (1) , for example, states that an ideal indicator of the extracellular fluid space should possess the following properties: "1) When sufficient time has elapsed for complete distribution the material must be found everywhere in the extracellular fluid and exclusively there and the concentrations of it must be uniform throughout the interstitial fluid and throughout plasma water, the ratio between the concentrations in the two compartments being a known fixed figure. 2) It must not be eliminable from the extracellular space.
3) It must not possess so high an osmotic pressure, that it causes a perceptible displacement of water from the intracellular to the extracellular space. 4) not to be toxic." When complete distribution has been attained for a non-electrolytic indicator of this kind, the extracellular fluid volume may be calculated as follows: Extracellular Volume quantity injected concentration in plasma water Since the simple dilution method is being used, the substance must be uniformly distributed and remain in the extracellular space. Kruhoffer further states that, for substances administered in a single dose, the replacement of the quantity injected by the quantity injected minus the quantity excreted in the urine is not without error-"In such a procedure, on account of the continuous excretion, an equilibrium between the concentra- tions of the indicator substances in plasma and interstitial fluid is never attained." To establish an equilibrium, Kruhoffer felt that two methods could be used: "1) After a large initial dose the substance might be administered by steady, continuous infusion to keep the plasma concentration constant until distribution was complete.
2) The organs of excretion (the kidneys) might be removed prior to administration." It is clear that equilibrium, as used by Kruhoffer for a non-electrolyte, means constant and equal concentrations of the indicator in both the interstitial fluid and plasma water. Whether or not such an equilibrium is obtained by either nephrectomy or a continuous infusion is difficult to prove by experimentation. It is evident that the simple dilution method has determined, to a certain extent, what the behavior of the substance should be in the body. Guadino and Levitt (2) further defined an ideal substance for measuring extracellular fluid as one which distributed fairly rapidly and uniformly, and was eliminated slowly from the body. Furthermore, they felt that a substance such as inulin, which is rapidly excreted by glomerular filtration, is prevented from being uniformly distributed throughout the extracellular space after a single injection. These authors utilized the constant-infusion method for estimating the volume of the extracellular fluid, and again the method dictates the required behavior of the indicator. Fundamentally, the purpose of the constant infusion is to obtain uniform distribution of the substance between all compartments of the extracellular space. More exactly, since only the plasma concentration can *be measured readily, the aim is to obtain the same concentration of the indicator in the interstitial and the intravascular spaces and to maintain this equal concentration over a long enough period so that it can be measured. Obviously, this cannot be done with a single injection because the indicator concentration is constantly changing in both compartments. However, this does not mean, as repeatedly reported (2) (3) (4) (5) , that a single injection of a substance cannot be used to measure the "extracellular volume." Most probably, a single injection cannot be used if the calculation for the volume of distribution of the indicator is made on the basis of the constant-infusion method. The method which is used to determine the distribution of the substance must necessarily take into account the behavior of the substance after it has been introduced into the body. With the constant-infusion method, equilibrium is indicated by a constancy of the plasma concentration of the indicator, and the error involved in assuming uniform distribution of the indicator may well be insignificant.
Another commonly used single injection method for estimating the volume of distribution of substances is the extrapolation method, as used, for example, by Cardozo and Edelman (6) . Serum concentrations are plotted semi-logarithmically against time and the "equilibrium" concentration is obtained by extrapolation to the time of commencement of infusion (zero time). Theoretically, the method can only be used with substances which have a constant clearance from the time of the injection. Newman, Bordley, and Winternitz (7) assumed constant clearance of the substance in deriving the equation which relates the volume of distribution of a non-metabolized substance to the renal clearance and the time decrement of the natural logarithm of the plasma concentration. Again, the method severely restricts the permissible behavior of the substance.
The purpose of this communication is to introduce a single injection method, given the name of the constant-change method, for calculating the apparent distribution of substances in an intact animal. The method is independent of the amount of indicator injected, and from the theoretical point of view, does not require that the substance be uniformly distributed in the fluid compartment which is being measured and, thus treats the plasma and interstitial concentrations of the indicator as being unequal and constantly changing. The method has been compared directly with two single injection methods, the simple dilution (with excretion) and extrapolation methods, and with the constant-infusion method. Inulin was used as the indicator in man, and simultaneously injected mannitol and sucrose was used in dogs. The method has been found to be superior to the other single injection methods, and at least equal to the constant-infusion method. An attempt has been made to define steady state conditions between plasma and interstitial fluids after a single injection of an indicator.
THEORETICAL CONSIDERATIONS
The derivation of the general equation used for the estimation of one fluid compartment will be considered first. Then, similar equations for dealing with two or more compartments will be developed.
1. One compartment: If a given amount of a substance, A, is injected into a fluid volume, V, and U is the loss of the substance from the volume (Figure la) , then the amount of substance injected must be equal to the amount of substance in the volume plus that which has been lost. Thus, if no substance is created or destroyed, then A = CV+U (1) where C equals the average concentration of the substance in volume V. If now one differentiates with respect to time, Figure 2 , and the total urinary inulin excretion versus time curve has the form shown in Figure 3 . Moreover, by measuring the plasma volume and the "extracellular volume" (volume of distribution of inulin) the virtual interstitial concentration of inulin may be calculated (4) , and related to the plasma inulin concentration (Figure 2 If during this period, where the difference between plasma and interstitial inulin concentrations is assumed to remain constant, the plasma concentration and urinary excretion of inulin versus time curves approach a straight line, then there will be a small but probably insignificant error in assuming linear dependence of plasma concentration and urinary excretion with time. By making this assumption, the change of plasma inulin concentration over a finite period of time may be measured and substituted in Equation 6 for the instantaneous rate of change of the plasma concentration with time. The change in urinary excretion of inulin over the same finite period of time can also be measured and substituted in the equation. For example, the plasma concentration of inulin is determined at 120 and 240 minutes after a single injection (A and B, Figure 2 ), and during this time the excreted inulin is measured (A to B, Figure 3 ). The The subjects were lying down throughout the test except for a few moments required to collect a urine sample. In a preliminary experiment, blood and urine samples were taken continuously every 20 to 30 minutes after a single injection of inulin, and the plasma volume was also determined, simultaneously, using T-1824 dye.
Mannitol and sucrose: The volumes of distribution of mannitol and sucrose were studied in dogs, anesthetized with sodium pentobarbital. The constant-infusion method, as described by Deane (8) , was used in each of 4 dogs. Following a priming dose (1.5 gm. of each substance), a constant infusion of mannitol and sucrose (300 mg. per cent of each) in normal saline was given at the rate of 5 cc. per minute for a period of 2 hours. Three blood samples, fifteen minutes apart, were then taken to check the constancy of the plasma concentration of the indicator. After washing out the bladder, a normal saline infusion was given at a rate of 2 cc. per minute, and the urine was collected for at least 6 hours. Blood samples were withdrawn from the jugular vein and an indwelling catheter was used to collect the urine.
The same 4 dogs were used to study the three single injection methods. The dogs were anesthetized and catheterized, as above. An intravenous infusion of normal saline was given at the rate of 5 cc. per minute. After the urine flow became adequate (1 to 3 cc. per minute), urine and blood blank samples were taken, and a single injection of 5 gm. of sucrose and 5 gm. of mannitol was given intravenously within 10 seconds. The saline infusion was maintained at 5 cc. per minute throughout the experiment. Blood samples were drawn at 120, 150, 180, and 210 minutes after the injection. Urine samples were collected 2 minutes after each blood sample, and the bladder was washed out once with saline and air at the end of each collection period.
In all experiments, the subject was weighed at the end of the test. A careful record of fluid intake and output was kept in the dog experiments.
Analytical methods: Inulin and sucrose were determined by Schreiner's resorcinol technique (9) , mannitol by the method of Corcoran and Page (10) and plasma volume was estimated by dilution of T-1824 dye using the procedure described by Chinard (11) . Inulin determinations were made in duplicate, and mannitol and sucrose determinations in triplicate. In the animal experiments, plasma concentrations were converted to plasma water concentrations by dividing by 0.94.
CALCULATIONS
Constant-infusion method: The volumes of distribution of sucrose and mannitol, obtained by using the constant-infusion method, were calculated by using the formula given by Deane (8) .
Simple dilution method: After a single injection of an indicator, the volume of distribution was calculated as equal to the amount of material injected minus the amount of material excreted in the urine divided by, the plasma concentration at any particular time.
Extrapolation method: The method described by Cardozo and Edelman (6) was used.
Constant-change method: The method described in this paper was used.
Wherever possible a comparison was made of the results obtained by each of these methods. RESULTS 
The volume of distribution of inulin in man
Since Equation 8 indicates that the calculation of the volume of distribution of a substance is independent of the amount of indicator given, a series of experiments were performed on the same individual using varying amounts of inulin as the indicator. The same data were used to calculate the volume of distribution by the simple dilution and extrapolation methods. The results of these calculations are also given in Table I . In all experiments the value for the volume of distribution of inulin obtained by either the simple dilution or extrapolation methods was higher than the figure obtained by the constant-change method. The simple dilution method indicates that the volume of distribution of inulin increases with time (from 30.3 to 59.2 per cent on 3-15-54). In this series of experiments a fair comparison has not been made with the extrapolation method, since only two values are used for the extrapolation in most experiments. Table II summarizes the results of 10 experiments on 5 different individuals who received a single intravenous injection of inulin (about 5 gm.) on two occasions. The volume of distribution has been calculated for three time intervals (150 to 240, 150 to 270, and 180 to 270 minutes after the injection). The mean value of the three periods is considered to be the best measure of the (Table  III and IV) are of particular interest in that the dog underwent a period of starvation after the constant-infusion and before the constant-change experiments were performed. The dog lost 15.6 per cent body weight (17.3 to 14.6 kg.). Both the sucrose and mannitol volumes of distribution were significantly greater than in the "normal" dogs of experiments 11, 12 , and 13 (27.0 as compared to 21.8, 20.7, and 22.2 per cent for sucrose and 33.7 as compared to 24.7, 25.5, and 24.6 per cent for mannitol). DISCUSSION 
Comparison uAth other methods
It is difficult to compare the various methods used for the estimation of the volume of distribution of a substance, because the limitations of each method must be carefully considered. Furthermore, the "ideal" properties and acceptable behavior of the indicator may vary with each method. Moreover, after the substance has been introduced into the body, the "equilibrium conditions" for one method may not satisfy the equilibrium, or steady state, requirements of another method. Nevertheless, an attempt will be made to compare the constant-change method with the simple dilution, extrapolation, and constant-infusion methods.
The data presented in Tables II and III indicate that the volume of distribution of the indicator, calculated on the basis of the simple dilution method, does not remain constant or even relatively constant, between 120 and 270 minutes after the start of the experiment. It may be that the proper time intervals were not used, or the plasma concentrations of the indicator may have been too low (mostly below 20 mg. per cent) for accurate analysis. Elkinton (13) found that, in a majority of experiments on man, the volume of distribution of mannitol remained unchanged between 1 and 3 hours, when the plasma mannitol concentration was kept relatively high (about 20 to 80 mg. per cent). He felt that, after 3 hours, the analytical error, in determining the plasma level of mannitol, was too great to draw any conclusions. Using Elkinton's data (13) , the volume of distribution of mannitol was calculated by the constant-change method and compared with the values obtained by the simple dilution method (Table V) . Elkinton felt that equilibrium was attained between 30 and 60 minutes after a single injection of mannitol had been given. Equilibrium was indicated when the plot of the logarithm of the plasma concentration of mannitol against time became a straight line, and also, by a constant value for the volume of distribution between two separate points. Table V shows that the volume of distribution of mannitol, during the 120 to 180-minute interval, by the constant-change method remains very constant in one individual on three occasions (RE-21.0, 20.7, and 20.7 per cent), and fairly constant in another individual on two occasions (LG-22.1 and 21.4 per cent). Moreover, "equilibrium," as regards the constantchange method, probably was not attained in subject RE until 120 minutes, since the values for the distribution of mannitol are low and inconstant before this time. Here is an example of the meaning of equilibrium changing with the method which is used to calculate the volume of distribution of the substance. Furthermore, Kruhoffer's definition of equilibrium, constant and equal concentrations of the indicator in both the interstitial fluid and plasma -water, differs from the above and meets the requirements of calculating the distribution of a substance by another method.
The amount of material injected into the body must be measured accurately in using the simple dilution method, but may be ignored in the constant-change method (Equation 8 and Table III ). In the simple dilution method, as well as in the extrapolation and constant-infusion methods, the indicator must be completely excreted or accounted for before the distribution of a substance can be determined following a second injection. There is no such limitation in the constant-change method.
It would not be fair to compare the extrapola- Elkinton. tion and constant-change methods on the basis of data presented in Tables II and III since the extrapolation, in some experiments, did not meet the requirements of the method as described by Cardozo and Edelman (6) .
As indicated by Table IV , in all experiments the constant-infusion method gave smaller values for the distribution of sucrose, as well as mannitol, than the constant-change method. A possible reason for this is that, after the constant infusion was stopped, all of the indicator in the animal was not recovered. Deane (8) states that for inulin the urine should be collected for at least 5 hours in dog, after the infusion is discontinued. It would appear that the 6-hour collection period used in these experiments should have been sufficient for recovering all of the sucrose and mannitol, since these substances have a molecular weight smaller than that of inulin. It may be that all of the injected sucrose and mannitol could never be recovered.
The volume of estimated by the distribution of inulin in man, constant-infusion method, has been reported as representing 16 per cent of body weight (14) . The mean value obtained by the constant-change method was 18.7 per cent (Table  II) . Again, it appears likely that all of the injected inulin was not recovered in the infusion method. In man, the constant-infusion method requires 6 hours of inulin infusion plus 18 to 24 hours of urinary collection, whereas the constantchange method requires about 4% hours, if the longest time interval is used. The fact that the indicator is rapidly excreted by glomerular filtration is an advantage in the constant-change method, but a disadvantage in the infusion method (2, 5) . The time required to determine the volume of distribution of a substance by the constant-change method is shortened if the substance diffuses and is excreted more rapidly.
The observation that the volume of distribution of sucrose is about 80 to 90 per cent of the man-nitol distribution in intact animals, confirms the work of Swan, Madisso, and Pitts (12) 2. An analysis of the basic assumptions
The first, implicit, assumption is that the body fluid compartment which is being measured does not change with time, during the period of measurement. How long the body fluid compartment must remain constant depends upon the indicator. A short time interval could be used if the concentration of the indicator could be very accurately determined. If a short time interval were used with inulin, for example, the error of the chemical determination of the substance would unduly influence the result. So, with inulin a long time interval is desirable and the body fluid compartment would have to remain constant during the period of observation. Perhaps a radio-active indicator, which avoids dealing with plasma and urine "blanks" and which can be accurately measured, may allow the use of relatively short intervals of time.
If one were able to use Equation (5), no other assumptions would be necessary. However, Equation (5) cannot be used directly, and certain simplifying assumptions must be made in order to obtain a useful Equation (8) . The second assumption is that, for a two volume system such as the extracellular fluid, the difference between the interstitial and plasma indicator concentrations remains constant, or very nearly constant, during the period of measurement, so that the term, dt V2 ddt (C2 -C1), of Equation (5) can be eliminated. This condition of constant difference, during short intervals of time, is approached some time after point P shown in Figure 2 (using inulin as an example). The third assumption is that, during the period of measurement, the plasma concentration of the indicator and the urinary excretion of the indicator versus time curves approach a straight line. The three assumptions are interrelated and depend a great deal upon the indicator, which more than anything else, determines the length of the measurement period. All three assumptions become more valid as the period of measurement is shortened.
Steady state conditions
The above assumptions define the steady state conditions which should exist, or be approached, after a substance is introduced into the body, if the constant-change method is to be used for determining the volume of distribution of that substance. It is felt that, following a single intravenous injection of an indicator, a steady state exists when the value of the distribution of the substance, calculated on the basis of many time intervals, remains relatively constant.
Ideal substance
In order to use the method of constant-change, an ideal substance should possess the following properties: 1) It should be distributed in the body fluid volume which is to be measured. 2) It should diffuse and be excreted in the urine rapidly. A rapid change in plasma concentration of the indicator is desirable, since a shorter period of time would be required to measure significant differences in plasma concentration and urinary excretion of the indicator. Many observations could be made over a short period of time, so that numerous confirmatory calculations of the volume of distribution of the indicator could be obtained.
3) During the period of measurement, the extrarenal loss of the indicator should be insignificant. The total amount of indicator which leaves the volume, prior to measurement, is unimportant. 4) It should not change the body fluid volume which is to be measured. 5) It should not be toxic. 6) It should be determined accurately. SUMMARY 1. A constant-change, single injection method is presented for estimating the apparent volume of distribution of substances in body fluid compartments of intact animals. For a two compartment system, the extracellular space for example, the apparent volume of distribution of an indicator equals the urinary excretion of the indicator during a certain time interval divided by the change in plasma indicator concentration during the same time interval. Theoretical and experimental justification is presented for selecting and identifying the proper time interval: 1) the volume of distribution of the indicator should not change during the period of measurement, 2) the difference in interstitial and plasma indicator concentrations should remain constant, or very nearly constant, 3) during the time interval, the plasma concentration of the incrlcator and the urinary excretion of the indicator versus time curves should approach a straight line. The limitations of the basic assumptions, used in deriving the above equation, are analyzed. The basic assumptions define equilibrium conditions which should exist, if the constant-change method is to be used. For best results the method should be utilized with a substance which has the following ideal properties: 1) It should be distributed in the body fluid volume which is to be measured. 2) It should distribute and be eliminated from the body rapidly.
3) During the period of measurement, the extrarenal loss of the indicator should be insignificant. 4) It should not change the body fluid volume which is to be measured. 5) It should not be toxic. 6) It should be determined accurately.
2. The constant-change method is compared with the simple dilution, extrapolation, and constant-infusion methods and found to have the following advantages: 1) It is independent of the amount of indicator used, and 2) prior to the period of measurement, it is unrelated to the amount of indicator lost from the fluid compartment in which the indicator is distributed.
3) The indicator need not be completely excreted before the distribution of a substance can be determined following a second injection. 4) It offers the possibility of estimating small changes in the distribution of the indicator. 5) It requires that only the relative change in plasma concentration of the indicator be measured.
3. 
